Alicyclobacillus acidoterrestris, a thermoacidophilic, non-pathogenic and spore-forming bacterium has been detected in several spoiled commercial pasteurised fruit juices. A. acidoterrestris spores, besides being resistant to the pasteurisation treatment conditions normally applied to acidic fruit products, can germinate and grow causing spoilage. Therefore, this microorganism was suggested as the target to be used in the design of adequate pasteurisation processes. The objectives of this work were to investigate the influence of temperature (T : 85-978C), total soluble solids (SS: 5-608Brix or % by weight) and pH (2.5-6.0) on D-values (decimal reduction time) of Alicyclobacillus acidoterrestris (type strain, NCIMB 13137) spores, and to fit a model using response surface methodology. A central composite face-centred experimental design was used, and the response, D-value determined in malt extract broth, ranged between 0.49860.045 and 94.966.7 min. Within the factor ranges studied, temperature was the parameter that most affected the D-value. Following this was the SS and, lastly, the pH value. A linear decrease in D-value was observed with decreasing SS and pH, and a non-linear decrease in 2 D-value was noticed with increasing temperature. A second order polynomial was successfully fitted to the data (R 5 0.98). In general, D-values measured in real fruit systems, such as orange, apple and grape juices, blackcurrant concentrates, cupuaçu (exotic fruit) extract and orange juice drink, were higher than those predicted by the malt extract broth model. This result emphasises the importance of experimental validation of any model-derived process.
Introduction
*Corresponding author. Tel.: 1351-2-558-0058; fax: 1351-2-Generally, fruit products, such as juices, nectars, concentrates or purees, are acidic (pH , 4.6) and, therefore, a pasteurisation treatment in the temperaspoilage during storage of retail product can occur ture range of 85-958C should be adequate for their without visible changes (Walls, 1997) . stabilisation at ambient temperature. Such a process Concerning heat resistance, Pontius et al. (1998) inactivates all nonspore-forming microorganisms that concluded that the type of organic acid (malic, citric, are able to spoil the product and, usually, surviving tartaric) did not significantly affect D-values. A bacterial spores will not germinate and grow under review on D-values (decimal reduction time) and these acidic conditions (Blocher and Busta, 1983) .
z-values was carried out (Table 1 ). The D ranged
958C
However, Alicyclobacillus acidoterrestris (AAT), from 0.1 to 16 min and z was between 7.2 and a thermoacidophilic, non-pathogenic, spore-forming 10.88C. There are few published data and no sysbacterium has been detected in several spoiled tematic work that investigated simultaneously the commercial pasteurised fruit juices. Cerny et al.
influence of pH, SS and temperature (T ) on the heat (1984) reported a new type of spoilage bacterium in resistance of AAT spores. aseptically packaged apple juice, subsequently
In this work, AAT spores are suggested as target named Bacillus acidoterrestris by Deinhard et al. for pasteurisation of high-acidic food products due to (1987) . Later, Wisotzkey et al. (1992) proposed a their thermoacidophilic properties and the occurrence new genus, Alicyclobacillus, characterised by vin several spoiled pasteurised products. The main alicyclic fatty acids as the major natural membrane objective of this work was to investigate the effects lipid component. Yamazaki et al. (1996) isolated and of pH (2.5-6.0), total soluble solids (SS: 5-608Brix identified AAT in spoiled acidic juices. AAT spore or % by weight of sucrose) and temperature (T : 6 germination and growth to 10 cfu / ml under acidic 85-978C) on D-values of A. acidoterrestris type conditions has also been reported in orange juice strain spores using response surface methodology stored at 448C for 24 h (Pettipher et al., 1997) .
(RSM). Acidic spore-forming bacillus spores (VF strain) were isolated from a spoiled apple juice (Splittstoesser et al., 1994) (Deinhard et al., 1987; Previdi Auris Business Centre, Aberdeen, UK) was enumeret al., 1995; Yamazaki et al., 1996; Pinhatti et al., ated using agar medium composed by three solutions 1997). and comparing the viable spores of the initial g; distilled water, 1 l); (iii) agar, 15 g; distilled inoculated juice and the same juice kept for two days water, 500 ml. The inoculated plates were incubated at 438C (Splittstoesser et al., 1994) . The same work for 3 days at 458C. reported growth inhibition with a high content of total soluble solids (SS). The visual detection of 2.2. Spore production spoilage is very difficult because AAT does not produce gas during growth and incipient swelling of Sporulation agar medium: yeast extract, 1 g; containers does not occur. Due to these facts, glucose, 1 g; KH PO , 0.6 g; distilled water, 500 ml, spores). The spore crop was centrifuged (15 min, 2 4 adjusted to pH 4.0 with H SO , and agar, 20 g; 21,000 g, 48C), the supernatant was decanted and the 2 4 distilled water, 500 ml. The two solutions were pellet was resuspended in 50% (v / v) aqueous ethasterilised separately (1218C for 10 min), mixed and nol, to destroy any vegetative cells. After 30-60 dispensed in medical flats (Bernard Muller, London, min, the spore suspension was recentrifuged, the UK) when still warm.
supernatant was discarded and the pellet was reSporulation broth medium: the same formula but suspended in sterile water (repeated a further three without the agar in 1000 ml of distilled water, times). The final pellet was resuspended in sterile adjusted to pH 4.0 (pH meter ORION, model 520 distilled water, stored at 48C for at least one week A).
before use and enumerated with and without previ-A portion of AAT was cultured in sporulation ous heat treatment (10 min at 808C). broth at 458C overnight. These cultures were spread onto sporulating agar inside medical flats and incu-2.3. Experimental design bated at 458C for two-three days. Spores were removed by agitating each bottle after adding sterile
The D-value of AAT spores as a function of T glass beads and 10 ml of water (repeating this (85-978C), SS (5-608Brix) and pH (2.5-6) was procedure five times to ensure total removal of determined by heating a solution that simulated a a three-factor (X 5 T, X 5 SS, X 5 pH) at two 1 2 3 levels central composite face-centred design (Montgomery, 1991; Stat-Ease, 1992) with four centre MEB. The water bath was set at the design temperapoints (18 random experiments) was used and the ture, ten sampling times were programmed in the response (Y5D-value) was determined for each computer, 10 ml of inoculated MEB were injected experiment (Table 2) .
into the submerged coil, and the starting time key in the computer was pressed; the remaining MEB was 2.4. Thermal treatments and enumeration used for the time zero determination of viable spore procedure count and final pH measurement. Times were select-2 ed in order to cover spore inactivation until ca. 10 Cole and Jones (1990) conceived an apparatus cfu / ml remained. For each sampling time, 200 ml of (Sherwood Instruments, Lynnfield, MA, USA) comthe heated spores were collected and promptly prising a narrow stainless-steel coil (9.5 ml total cooled by dilution in a tube containing 5 ml of MEB 22 volume, 3.175 mm outer diameter, 0.5 mm wall resuscitation broth (3.85310 dilution) at room thickness), submerged in a thermostatic water bath temperature. The samples were left at ambient and an automatic sampler with the sampling fretemperature to allow further cooling and recovery of quency controlled by a computer program. This the heat-shocked spores for approximately 30 min. apparatus was used for the thermal inactivation Then, enumeration of the surviving spores was experiments (Fig. 1) . The sample come up time carried out by appropriate decimal dilutions in MRD (time to reach the water bath temperature) was about (Oxoid, UK), surface plating on agar medium plates 1 s. For each run, cleaning was performed by (see enumeration medium above) were incubated for injecting first Quadralene (0.5%, v / v; neutral liquid, three days at 458C and colonies were counted. Divosan), then disinfectant (Quatdet, 1%, w / w), industrial alcohol and finally sterile water. The stored 2.5. Data analysis and data model fitting spore suspension was centrifuged and then the pellet was resuspended in 15 ml of a specific pH-SS MEB A log-linear relation was observed between the inactivation experiment (T, SS, pH), the D6SE D-values measured in the real fruits. D-values (standard error) were estimated directly by performobtained with other fruits referred to in the literature ing a non-linear regression to the log (spore conwere also used for the validation process (Table 1) . centration) vs. time curve and using the statistical software Stata (Version 3.0). If linear regression was carried out, (21/D)6SE would be estimated instead 3. Results and discussion of the required D6SE. The RSM was used to analyse the relative importance of T -SS-pH and to
The viable counts for both heated and non-heated fit a model able to predict D-values knowing the T, spore suspensions were similar. This result was also SS (brix or %, w / w, sucrose) and pH values (Eq. 1).
observed by Pontius et al. (1998) . Also, as cited by The software Design-Expert (Version 4.0.2) was other authors, the curves of log (survivor spores / ml) used for calculations (Stat-Ease, 1992) .
vs. time did not exhibit any 'shoulder' and, therefore, no deviation from linear behaviour was observed 2.6. Thermal inactivation of Alicyclobacillus (Previdi et al., 1997; Pontius et al., 1998) . acidoterrestris spores in cupuaçu pulp extract, orange juice and blackcurrant concentrates 3.
T-SS-pH effect on the D-values of A. acidoterrestris spores in malt extract broth
The practical application of the model was investigated by performing the same thermal inactivation D-values determined in MEB ranged from experiments with fruits within the range of tempera-0.49860.045 (T5978C, SS558Brix, pH56) to tures, SS and pH modelled. Extracts of an exotic 94.966.7 min (T5858C, SS5608Brix, pH56) fruit named cupuaçu (Theobroma grandiflorum), (Table 2) . A response surface analysis was perorange juice and blackcurrant concentrates were formed to investigate significant factors and their used. The predicted D-values were compared with combinations on D-values. In Fig. 2 , the Pareto chart shows the standardised effects of different parameand pH were not visible (Figs. 3 and 4) . Regarding ters on D-values. The standardised effect is defined the effect of pH on D-values, the opinions of other as the estimated coefficient divided by its standard authors diverge: Yamazaki et al. (1997) reported no error (b / SE ). An effect that exceeds the vertical effect in the range of pH from 2.5 to 6.9, while linearly with SS and pH (Fig. 5) D-value (R 50.98 ) to data determined using malt extract increased slightly with increasing SS and pH, espebroth, by response surface regression (Fig. 6 ). Relacially at lower temperatures (T 3SS and T 3pH were tive residuals (residual /D ) ranged between 0.443 model significant). In fact, close to 978C, the effects of SS and 0.216. 1 (0.56042 3 T ) 1 (4.6096 3 SS) thus, the model provides a valid description of the data used to generate it. 2 (0.04699 3 T 3 SS) 1 (57.147 3 pH)
The practical application of the model was investi-2 (0.59083 3 T 3 pH) (2) gated by comparing predicted D-values (Eq. 2) with those determined experimentally in real fruit prodIn MEB, predicted D-values compared well with ucts such as orange juice, cupuaçu extract and blackcurrant concentrates (Table 3) and also with 4. Conclusions others reported in the literature (Table 1) values determined in malt extract broth were, in most sponding values measured in fruit products. This cases, lower than those determined in fruit products. might be due to other constituents present in the fruit Challenge tests are recommended before the D-value products and not in the MEB that have effects that predictions can be used in industry. are different from those of the HCl and fructose used for the model generation and that might increase the heat resistance of the spores.
